coefficient (H) under 100 Pa m
3 mol -1 at 25 ᵒC), such as short-chained oxygenated VOCs (OVOCs), depend 48 also on the dynamics of water phase inside the plant. This dependence could play a central role in 49 regulating emissions and should not be ignored. 50
In contrast to the emissions of non-water-soluble compounds, the emissions of water-soluble OVOCs, such 51 as, methanol (H= 0.461 Pa m 3 mol -1 at 25ᵒC), acetone (H= 3.88 Pa m 3 mol -1 at 25ᵒC) and acetaldehyde (H= 52 7.0 Pa m 3 mol -1 at 25ᵒC) may be regulated by stomatal conductance (Niinemets et al., 2003 (Niinemets et al., , 2004 Harley 53 et al., 2007) . When stomatal conductance decreases, increase in the partial pressure in sub-stomatal cavity 54 enhances the partitioning of the water-soluble compounds into water films. Thus, the partial pressure in 55 the sub-stomatal cavity increases less than for non-water soluble compounds, and the partial pressure 56 difference between sub-stomatal air and ambient air cannot necessarily overcome the stomatal limitation 57 of flux (Niinemets et al., 2003) . This regulation is apparent, for example, when the stomata open in the 58 mornings. Low stomatal conductance in the nights enables the accumulation of water soluble compounds 59 7 pines and 21 shoots of different age classes since 2009. The data used in this study were obtained from 3 131 different Scots pines on the site, and 5 different shoots measured from May to August 2010 August , 2011 August , 2013 August , 132 2014 August and 2015 . The 2012 data contained too many gaps due to instrument malfunctions, for example, to 133 be comparable to the other years studied. All the shoots contained only 1-year-old needles, as the new 134 buds had been removed before chamber installation. These buds were removed for two reasons: the first 135 reason was because the growing shoot would have become too big to fit in the chamber in late summer 136 and, the second reason was because our aim was to measure the emissions without the confounding large 137 effect that shoot and needle growth in spring and early summer would have on emissions (Aalto et al., 138 2014 ). In addition, we used data from pine stem chambers that were attached to three heights above 139 ground on one pine stem (Vanhatalo et al., 2015) . The lowest chamber was positioned at 7 metres, well 140 below the living canopy, where the stem diameter was 11.6 cm. The middle chamber was installed at 12 141 metres, in the lower part of the living canopy, where the stem diameter was 8.4 cm. The top chamber was 142 placed at 16.5 metres, near the tree top, where the stem diameter was 3.5 cm. The three chambers were 143 measured simultaneously throughout April 2013 and the middle chamber was measured through the 144 entire 2013 growing season. 145
The dynamic enclosure system consists of shoot and stem chambers that close cyclically, for 3 minutes at 146 a time. During the closure, sample air was drawn from the chamber into gas analysers. Small holes in the 147 chamber enabled ambient air to replace sample air flow. Some of the sample air drawn from chambers 148 was directed to a PTR-MS quadrupole (Photon transfer reaction -quadrupole mass spectrometer, Ionicon 149 Analytik, Innsbruck, Austria), which was set to measure certain protonated masses, in this case, masses 150 m/z 33 (methanol), m/z 45 (acetaldehyde) and m/z 59 (acetone). The shoot emissions were calculated for 151 the OVOC concentration increase in the chamber air during enclosure time by using mass-balance 152 equations as described by Hari et al., (1999) and by Kolari et al., (2012) . Because ambient air was used as 153 8 replacement air, the concentration inside the chamber at the beginning of the closure equalled the 154 concentration in the replacement air. In this case, we used the simplified equation (Eqn 1). 155
In Equation 2, C(t) is the concentration in the chamber as a function of time, C0 is the concentration in the 159 chamber at the beginning of the measurement,  is the chamber volume, F is the flow rate of air through 160 the chamber, t is the time step, and E is the emission rate, which is solved by the equation using least-161 square fitting to the measured data. The shoot emissions were corrected for leaf dry mass of measured 162 shoot and stem emissions for covered bark area at the end of growing season. 163
Some of the sample air was also directed to the infrared light absorption analysers (URAS 4, Hartmann & 164 Braun, Frankfurt am Main, Germany), which determined the water vapour and CO2 concentrations in the 165 sample air. In addition, both the ambient temperature near the tree canopies and the internal 166 temperature of the chambers, along with the relative humidity were monitored continuously. Stomatal 167 conductance (G) was calculated as the division between measured transpiration (ET) and vapour pressure 168 deficit (VPD). 169
We omitted any data taken when the relative humidity (RH) of the chamber was over 70% prior to data 170 analysis. High humidity in chamber causes condensation of water and its absorption on water-soluble 171 compounds, making the flux data unreliable. 172
We examined the effects of chamber temperature, ambient temperature, transpiration and stomatal 173 conductance on shoot emissions of methanol, acetone and acetaldehyde by regression analysis for both9 the entire growing season and monthly periods. The effect of temperature was calculated as described by 175 Guenther et al., (1995) In Equation 2, ET is the modelled emission rate at temperature T, ES is the reference emission factor at 303 180 K, T is the temperature inside chamber (in K) and TS is a reference temperature (303 K). β is an empirical 181 parameter for the temperature sensitivity. We optimised β for each study period and compound for the 182 best fit of temperature model. The effect of transpiration on emissions was best explained by a linear 183 regression, whereas the effect of stomatal conductance was best explained by an exponential function. 184
We first tested the goodness of each independent variable (T, ET and G) for explaining the emissions 185 separately (Table 1, functions 1-3 ). Secondly, we tested the combinations of temperature and 186 transpiration (T+ET), and temperature and stomatal conductance (T+G) (Table 1, functions 4-5). In the 187 models (Table 1) , a is an intercept and b-d are coefficients that were set freely to obtain the best fit for 188 the models. The regression models explaining the OVOC emissions were evaluated based on their 189 coefficient of determination (R2). We also analysed the effects of temperature and transpiration on stem 190 emissions by testing the regressions at different time lags, and studied the similarity between the emission 191 dynamics (shoot and stem) of the three compounds by Pearson's correlation. These analyses were made 192 in Matlab (version R2017a, The MathWorks, Inc.). 193
TABLE 1 194
We used structural equation modelling (SEM) using the R lavaan package (R version 3.3.1, and the R 195 and then started to decrease in mid-July. Emissions steadily decreased starting from the later part of 218 August, although a few peaks were still observed. The shoot emission dynamics of the three compounds 219 11 were very similar to each other throughout the five growing seasons and the acetone and acetaldehyde 220 emissions correlated very closely, although the acetone emissions were larger (Fig. 2 , a, c, and e, Table 2 ). 221
The shoot emissions during the growing season were highest in the daytime, at night the emissions were 222 low but usually still positive (Fig. 2 , a, c, and e inserts). We observed shoot uptake only occasionally in early 223
May and in late August (Fig. 2 , a, c and e). We did not detect clear morning bursts of any of the three 224 compounds. 225 TABLE 2  226 Stem emissions of methanol, acetone and acetaldehyde at 12 metres also had a clear seasonal and some 227 diurnal variation during the growing season 2013 (Fig. 2, b, d, f) . Emissions started to increase in mid-May. 228
Acetaldehyde emissions peaked at the end of June and methanol emissions peaked in early July. The 229 emissions of all the compounds increased slightly again at the end of July before decreasing towards the 230 autumn. The stem emissions of the three compounds were not as similar as was the case for the shoot 231 emissions (Table 2) . From mid-May to August, emissions were usually highest in day-time and lowest at 232 night, depending on the compound (Fig. 2, b, d , f and inserts). In April 2013, we found that stem emissions 233 of all three compounds increased with increasing stem height, the biggest difference being between 12 234 and 16.5 metres (Fig. 3) . The baseline stem emissions of acetone and acetaldehyde were nevertheless 235 quite small at that time, and we observed clear diurnal patterns only at 16.5 metres. The methanol 236 emissions were larger and had clear diurnal pattern at all heights. 237
Temperature and transpiration rate best explained the shoot emissions of methanol, acetone and 238 acetaldehyde during all the studied periods (Tables 3-5 ). The effect of temperature was exponential, and 239 on average, explained 70% of methanol, 51% of acetaldehyde and 62% of the acetone emission variation 240 (Fig. 4 , Tables 3-5, model T). Transpiration had a linear effect on the emissions, and on average, explained 241 59% of methanol, 63% of acetaldehyde and 67% of acetone emission variation (Fig. 4 , Tables 3-5, model12 ET). The effect of stomatal conductance on the mean emissions of the OVOCs was also exponential but 243 smaller: stomatal conductance, on average, explained only 10% of methanol and 16% of acetaldehyde and 244 acetone emission variation (Fig. 4, Tables 3-5 , model G). These effects were well presented, for example, 245 in 2010 (Fig. 4) . In addition, the emissions seemed to be regulated by stomatal conductance only when 246 stomatal conductance decreased to 0.25 dm 3 s -1 m -2 or below, at nigh time (Fig. 4 , grey line). At higher 247 conductance, the emissions were determined either by temperature or transpiration rate. During the 248 exemplar growing season of 2010, we observed slight shifts in the temperature, transpiration and stomatal 249 relations of methanol, acetone and acetaldehyde emissions (Fig. 4, Tables 3-5 ). In May and June, the 250 temperature sensitivities of especially acetaldehyde and acetone emissions were higher than later in the 251 summer. The sensitivity of methanol emissions to transpiration rate also increased in May and June. In 252 addition, stomatal conductance seemed to affect all the compounds more in July and August than in early 253
summer. 254
Of the all regression models (Table 1) In addition to the regression models, we used structural equation modelling (SEM) to examine the effects 271 and interrelations of transpiration, temperature and stomatal conductance in explaining OVOC emissions. 272
The temperature and stomatal conductance were used in the first SEM to explain emissions (Fig. 5, a-c) . 273
These models show a major impact of temperature, and a minor impact of stomatal conductance on the 274 emissions of methanol, acetaldehyde and acetone. Transpiration, affected by temperature and stomatal 275 conductance, was added to the second SEM models (Fig. 5, d-f ). Adding transpiration revealed that a 276 proportion of temperature's effect on emissions was mediated through transpiration, especially for 277 acetaldehyde and acetone emissions. Moreover, transpiration almost completely covered the effect of 278 stomatal conductance so that the direct effect of stomatal conductance even became negative (Fig. 5, d , 279 e and f). In effect, in combination with temperature, transpiration seemed to directly regulate the shoot emissions 315 of methanol, and especially acetaldehyde and acetone. This was apparent in the regression models where 316 transpiration was the best parameter to explain the acetone and acetaldehyde emissions, and enhanced 317 the emissions model based on temperature also for methanol. The SEM model further confirmed the role 318 of transpiration: of the three tested variables: temperature, transpiration and stomatal conductance, 319 transpiration had the largest effect on the emissions of acetone and acetaldehyde and, slightly after 320 temperature, the second largest effect on the emissions of methanol. However, although temperature has 321 an important direct effect on emissions by regulating tree metabolic rates, as well as the diffusion rates 322 and vapour pressures of the compounds, we observed that a large part of its effect was mediated through 323 transpiration. In addition, stomatal conductance affected emissions only by regulating transpiration. 324
The strong effect of transpiration on the emissions of methanol, acetone and acetaldehyde clearly 325 indicates that these compounds or their precursors can be transported from their sources in the roots and 326 stem to the leaves in the xylem sap. We also observed a small positive effect of transpiration on the stem 327 emissions of methanol and acetone, although temperature explained the emissions usually better. The 328 lags in both temperature and transpiration effects were due to the diffusion resistance though the wood 329 The different production locations of methanol, acetaldehyde and acetone define their diffusion 335 resistances and probably create the small differences we observed in their emission dynamics from shoots 336 and stem. Methanol that is produced close to surface in growing tissue (Galbally & Kristine, 2002; Hüve et 337 al., 2007) has a short diffusion pathway and is thus less prone to partition to xylem water. Therefore, its 338 shoot emissions are less affected by transpiration despite its high water-solubility. This is somewhat in 339 accordance with Folkers et al., (2008) , who suggested that transport in transpiration water is probably not 340 the main factor in regulating methanol emissions. Acetaldehyde's precursor ethanol originates mainly 341 from anaerobic conditions (Kreuzwieser et al., 1999 (Kreuzwieser et al., , 2000 ; thus, its diffusion pathway is longer, and it is 342 more likely to partition into water phase. Consequently, its shoot emissions are dependent on 343 transpiration, which has been detected before (Kreuzvieser et al., 2000 (Kreuzvieser et al., , 2001 . The production of 344 methanol near stem surface also explains its large emissions form all stem heights compared to acetone 345 and acetaldehyde, although the shoot emissions of methanol and acetaldehyde are on the same scale, 346 acetone emissions being largest. 347
The most important limitations in this study arise from using the dynamic chamber and the PTR-MS 348 measurement modalities that contains a possible underestimation of 5-30% for the fluxes (Kolari et al., 349 2012) . However, the effect of these uncertainties diminishes due to the quantity of data over the five 350 growing seasons studied. Based on long-term field measurements, we conclude that along with acetaldehyde can diffuse into the ambient air or be partitioned into the xylem sap after being synthesized.
After its synthesis at a certain production location such as the cambium (a), heartwood (b) or roots(c), the compound can either 1) diffuse through wood and bark (B) into the ambient air or 2) dissolve into the xylem sap (X) and be transported upwards in a transpiration stream. With the accumulation of water soluble compounds in the xylem sap, the compounds can also 3) escape the aqueous phase and diffuse through wood and bark into the ambient air. This pathway is more preferred in the upper parts of stems as the concentration in xylem water is higher and the bark is thinner. As the compounds reach the leaves, they can be either metabolized or diffuse out into the ambient air through the stomata (4). 
